Abstract: Polyaniline nanofibers with high yield (93%) have been synthesized by an unstirred polymerization of aniline in aqueous acid media with ammonium persulfate as an oxidant in the absence of any template, dopant or surfactant. The morphology, structure and electrical conductivity of the nanostructural polyaniline prepared under different conditions were characterized by means of scanning electron microscopy, FTIR, UV-vis and four-probe techniques. It was found that branched network-like polyaniline nanofibers were prepared without any mechanical stirring, whereas irregular and rodlike structural polyaniline samples were obtained with mechanical stirring under the same reaction conditions. Flowerlike polyaniline microspheres of ca. 3.5 µm in outer diameter, which were constructed with nanostructural polyaniline lamellar by self-assembly process, were synthesized during the polymerization at 0 °C for 72 h. The as-synthesized HCldoped polyaniline nanofibers have good room-temperature electrical conductivity of 5.0 S/cm.
Introduction
Polyaniline nanofibers have exhibited wide technological applications, such as sensors and actuators [1] [2] [3] , supercapacitors, energy storage devices [4, 5] , rechargeable batteries [6] , flash welding [7] , electronic devices, due to their high surface area, strong electroactivity, good redox reversibility, high conductivity, and high environmental stability. Recently, a variety of methods have been used to prepare polyaniline nanofibers. These approaches include electrospinning [8] [9] [10] , the doping induced solution route [11] , the template synthesis [12] and the template-free synthesis, such as interfacial polymerization [2, [13] [14] [15] , radiolytic synthesis [16] , rapid mixing reaction method [17, 18] , dilute polymerization [19, 20] , sonochemical synthesis [21] , seeding polymerization [22, 23] , electrochemical polymerization [24] and solid-state polymerization [25] . Among all the methods for preparation of polyaniline nanofibers, the template synthesis is the most effective one in preparing nanostructured materials with controllable diameter, length and orientation [26] . However, the main disadvantage of this method is that a rather tedious posttreatment process is required in order to remove the templates [27] ; of the templatefree approaches, interfacial polymerization is one of the easier methods of preparing uniform polyaniline nanofibers in one step. However, organic solvents are required to dissolve aniline in this process, resulting in a waste stream that must be treated. Rapid mixing polymerization and dilute polymerization are also easier methods, since no organic solvent or other assisting techniques were needed [17] [18] [19] [20] . However, the relatively low aniline concentration used in the polymerization process make it hard to produce polyaniline nanofibers in bulk quantities. Therefore, it is urgent to introduce an easy, inexpensive, environmentally friendly, and scalable one-step method to produce highly pure, high yield, uniform nanofibers in bulk quantities to meet the requirements for their potential applications.
In this study, we report a simple approach to synthesizing polyaniline nanofibers with high yield via an unstirred polymerization in an acid aqueous solution without the aid of additives. This method would be easy to prepare polyaniline nanofibers in bulk quantities. The polymerization parameters have been carefully optimized for the formation and properties of the polyaniline nanofibers.
Results and discussion

Morphology
In order to investigate the optimal forming condition for nanofibers, morphologies of polyaniline prepared under different synthetic conditions, such as stirring condition, polymerization temperature and time, APS/aniline molar ratio and aniline concentration were studied, as discussed below.
Effects of stirring condition and polymerization temperature
The morphology of the polyaniline samples prepared under different stirring condition was observed by scanning electron microscopy (SEM), as shown in Fig. 1 . SEM image (Fig. 1b) demonstrates a fine nanofibrous structure of the polyaniline obtained without stirring process, in contrast to a mixture of granular and rods structures (Fig.  1a) obtained with magnetic stirring. It is found from Fig.1b that these polyaniline nanofibers are interconnected to form branched structures, rather than isolated nanofibers. The diameters and lengths are in the range of 23-56 nm and 500 nm up to several micrometers, respectively. The high surface area and small diameters nature of the nanofibers may enhance diffusion of molecules and dopants into the polyaniline nanofibers and give significantly better performance in both sensitivity and time response for application in chemical sensors [2] .
The nanofiber morphology demonstrates that it is a very facile route to create polyaniline nanofibers under unstirred synthetic condition. This method does not depend on any specific template, dopant or surfactant. A possible mechanism of nanofibers formation is proposed as follows: Under the unstirred polymerization, the polymerization of aniline might occur at an aniline/aqueous interface when the ammonium persulfate solution was dropped into the aniline solution. Polyaniline forms at the interface first and then migrates into the mixture solution. Polyaniline nanofibers form in solution via homogeneous nucleation at the initial stage of the polymerization. These initial nanofibers elongate, leading to nanofibers, because the heterogeneous nucleation is suppressed during the unstirred polymerization process [28] . However, mechanical agitation affects the nucleation process and dramatically triggers aggregation. The initial nanofibers will likely become the "nucleation" centers for further polyaniline precipitation and finally grow into irregularly shaped granular particles in the traditional stirred polymerization. Therefore, mechanical agitation is unfavorable to the formation of polyaniline nanofibers in a chemical process. Mechanical shear will force the initial nanofibers to collide with each other, inducing heterogeneous nucleation and resulting in the thickening of nanofibers and even granular aggregates [17] . The effect of polymerization temperature on the morphology of the polyaniline samples synthesized under unstirred condition was studied. SEM images in Fig.1b-d illustrate that the polyaniline samples are nanofibrillar and the mean diameter/length is about 45/500, 51/284-340, and 51/230 nm at 0, 15, and 25 °C, respectively. It is clear that under without stirred condition, all the samples prepared at the end of polymerization are in the form of nanofibers. However, in case the polymerization temperature was of 25 °C , some polyaniline nanorods in mean diameters of 56 nm were observed, since the initial nanofibers can conglomerate easily and the size will increase because of higher growth rate of the initial nanofibers at high temperature. It is revealed, therefore, that lower polymerization temperature is suitable for the preparation of the polyaniline nanofibers.
Effect of polymerization time
The polymerization time is found to have significant influence on the morphology and diameter of polyaniline nanofibers as shown in Fig. 2 .
When the polymerization time is prolonged to 72 h, the average diameter of polyaniline nanofibers increases slightly from 45 to 56 nm, whereas the length is up to 2.0 µm (Fig. 2a) , which is longer than that of polyaniline nanofibers as shown in Fig.1c , indicating the growing of the polyaniline nanofibers. This might have resulted from the freshly formed polyaniline nanofibers being still surrounded by aniline monomer and oxidant molecules, and finally growing into longer nanofibers. This result differs from that reported by Huang et al [28] , in which the nanofibers obtained by using interfacial polymerization appear very similar in size and shape. In addition, some self-assembled polyaniline microspheres are observed from the lowmagnification SEM image shown in Fig.2b . The high-magnification SEM image (Fig.2c) presents the shape of single flowerlike microsphere with 3.5 µm in outer diameter [29] . The high-magnification SEM image also shows that the flowerlike microsphere is assembled from the lamellar nanostructures of 33 nm in an average thickness. 
Effect of ammonium persulfate /aniline molar ratio
The effect of APS/aniline ratio on the morphology of polyaniline samples is shown in Fig. 3 . It is seen that the polyaniline samples are also nanofibrous with decreasing APS/aniline molar ratio from 1.0 (Fig.1b) to 0.25 ( Fig.3a) . The mean diameter decreases from 45 nm to 36 nm. However, the polyaniline samples formed at an APS/aniline molar ratio of 1.25 is of nanorods and exhibit an average diameter and length of 65 nm, and 157 nm, respectively. On raising the oxidant concentration, more aniline cation radicals are formed, which is beneficial to the elongation of the initial nanofibers. However, more oxidant might trigger the aggregation of the initial nanofibers, leading to nanorods at the end of polymerization as shown in Fig.3b . Therefore, the optimal APS/aniline molar ratio might be 0.25-1.0 for the formation of polyaniline nanofibers with small diameter and high electrical conductivity simultaneously.
Effect of aniline concentration
Different concentrations of aniline monomer with a constant APS/aniline molar ratio of 1.0 are used to study the formation of nanofibers. SEM images of polyaniline nanofibers synthesized with aniline concentrations of 0.05 and 0.4 mol/L are shown in Fig. 4 . It is clear from Fig.4a that the morphology of polyaniline prepared displays an interconnected, network-like nanofibrous structure. The diameters of polyaniline nanofibers increase slightly from 41 to 45 nm when syntheses were carried out in 0.05 ( Fig.4a ) and 0.4 mol/L (Fig. 4b) aniline, respectively, whereas there are no significant differences on the interconnected network structural polyaniline. All these polyaniline composed of branched nanofibers form open nanostructures, which will provide higher surface area and porosity. Apparently, the monomer concentrations of 0.05-0.4 mol/L are optimal for the formation of the uniform polyaniline nanofibers with diameter of 41-45 nm. This result is in contrary to that of Jing et al [27] , where larger sized polyaniline granules were achieved at higher aniline concentration of 0.4 mol/L using an interfacial polymerization. 
Synthesis, yield and conductivity of the polyaniline nanofibers
The polymerization of aniline affords fine, dark green nanofibers as product with ammonium persulfate as an oxidant in 1.0 mol/L HCl aqueous solution after the oxidative polymerization. The progress in the polymerization was followed by measuring the reaction solution temperature. It was found that with dropping oxidant solution slowly and regularly, the polymerization solution temperature increased slightly first and then decreased, and finally reached a nearly constant temperature. For the polymerization proceeded at 0 °C, having a maximum enhancement of the solution temperature of 0.5 °C, exhibits the strongest exothermic capability during the polymerization process. This result indicates that the exothermic capacity from the unstirred reaction system affects slightly the polymerization of aniline.
As shown in Fig. 5 , the yield of polyaniline nanofibers was found to be dependent on the polymerization temperature and APS/aniline molar ratio. The polymerization yield decreased from 93% to 66% with increasing polymerization temperature from 0 to 25 °C Fig.5a ). It is clear that higher yields were obtained, as compared with 7-10% for interfacial polymerization [13] , 13.4-42.3% for rapid mixing polymerization and dilute polymerization [19, 20] . However, with changing APS/aniline molar ratio from 0.25 to 1.25, the polymerization with the same reaction temperature of 0 °C exhibits a maximal yield of 93% at the APS/aniline molar ratio of 1.0. A much lower yield at lower APS/aniline molar ratio should contribute to the insufficient abilities. A similar variation of the electrical conductivity of the polyaniline nanofibers with polymerization temperature and APS/aniline ratio is revealed below. This finding implies that the lower yield can be ascribed to the formation and loss of more low-molecular-weight oligomers. It is shown that polyaniline nanofibers with a higher yield can be easily prepared using unstirred polymerization, which is beneficial for scalable production of polyaniline nanofibers. The electrical conductivities of the pressed HCl-doped polyaniline nanofibers samples synthesized at different polymerization temperature and APS/aniline molar ratio are shown in Fig. 5 . It was observed that the polymerization temperature and APS/aniline molar ratio had a considerable effect on the conductivity of the polyaniline nanofibers. Fig.5a reveals that the conductivity of the polyaniline nanofibers decreases sharply from 5.0 S/cm to 0.1 S/cm with increasing the polymerization temperature from 0 to 25 °C. The polyaniline nanofibers synthesized at 0 °C without stirring exhibit good room-temperature electrical conductivity of 5.0 S/cm, which was higher than those of polyaniline prepared with magnetic stirring [31] . This reflects the highly π-conjugated system and highly ordered structure of polyaniline nanofibers compared to conventional granular polyaniline powder. The higher conductivity of the polyaniline nanofibers formed at 0 °C could be attributed to more efficient chain propagation of aniline monomer, whereas the lower conductivity of the polyaniline formed at 25 °C can be ascribed to the slightly shorter conjugation length of polyaniline at lower temperature.
The oxidant concentration also influences the electrical conductivity of the assynthesized polyaniline nanofibers (Fig.5b) . The conductivity rises first and then declines with increasing APS/aniline molar ratio from 0.25 to 1.25 in the unstirred polymerization system, owing to the variation of the oxidized state content or molecular weight in an APS/aniline ratio range of 0.25-1.25, and therefore the conjugation length. A maximum conductivity of 5.0S/cm appears at the APS/aniline molar ratio of 1.0, which signifies that polyaniline formed at the APS/aniline molar ratio of 1.0 possesses the highest oxidized-state content.
Structural characterization
The FTIR spectra of the as-synthesized polyaniline nanofibers prepared in four different polymerization conditions (Fig.6a) were recorded to analyze the molecular structure and oxidation state of polyaniline and provide insight into the doping effect of different conditions. A broad absorption band at 3450 cm -1 can be described to N-H stretching vibration [31] , which suggests the presence of secondary amino groups (-NH-) groups in the polymers. The peaks at 1580 and 1500 cm -1 are assigned to the C=C stretching of quinoid rings and benzenoid rings, respectively [32, 33] . The peaks at 1300 and 1150 cm -1 correspond to stretching of C-N and C=N, respectively. The strong band at 1150 cm -1 was described as an "electronic-like bond" that is considered to be a measure of the degree of delocalization of electrons, that is, a characteristic peak of conducting polyaniline [34] . The four IR spectra look similar, but the polyaniline prepared at 25 °C (Fig.6a (iv) ) exhibits a strong peak at 1498 cm -1 , a relatively weak peak at 1150 cm -1 , and very weak additional peak at 1440 cm -1 due to -N=N-stretching that serves as evidence for its low conductivity [35] . There is no band at 1440 cm -1 in the other three IR spectra of the polyaniline samples synthesized at 0 °C. This result coincides with the variation in electrical conductivity.
UV-vis absorption spectra of the as-synthesized polyaniline nanofibers in NMP solution in Fig. 6b displays two absorption bands. The peaks at 327 and 635 nm are related to π-π * transition of the benzenoid ring and the benzenoid-to-quinoid excitonic transition in the polymer chain, respectively [36] . Apparently, the polyaniline sample synthesized at 25 °C displays the weakest band at 590 nm because it has the most weakly π-conjugated structure, as is shown by its having the lowest conductivity. Fig. 6c presents the wide-angle X-ray diffraction (XRD) pattern of HCl-doped polyaniline nanofibers. The X-ray diffractograms reveal that the polyaniline nanofibers formed at 0 °C has more highly crystalline structure compared to those prepared at 25 °C. The diffraction pattern consists of four sharp peaks at 2θ of 9.1°, 15.4°, 20.5° and 25.3°, suggesting an amorphous structure. The peak at 2θ of 25.3° compared to that at 20.5° can be taken as characteristic for a highly doped polyaniline [37] . However, the polyaniline sample synthesized at 25 °C exhibit the weakest peak at a Bragg angle of 25.3°, which could be the characteristic of a slightly doped polyaniline. Two strong peaks centered at 20.5° and 25.3° can be ascribed to periodicities parallel and perpendicular to the polymer chains, respectively [37] .
Conclusions
High yield (93%) and electrical conductivity (5.0 S/cm) uniform polyaniline nanofibers were successfully synthesized via an unstirred polymerization. The morphology of the polyaniline was influenced by the synthetic conditions, such as stirring condition, polymerization temperature and time, APS/aniline molar ratio and aniline concentration. It was found that the sizes of polyaniline nanofibers are tunable through the selection of the appropriate synthetic conditions. Branched network-like polyaniline nanofibers with the mean diameter of 36-56 nm and flowerlike selfassembled microspheres of ca. 3.5 µm in outer diameter were obtained under the unstirred polymerization conditions. It demonstrated that we have developed inexpensive, environmentally friendly, high yield conducting nanofibers. This method is very simple, economic and scalable to achieve polyaniline nanofibers to meet the requirements for use in electrical and electronic applications.
Experimental part
Materials
The aniline monomer was purchased from Sinopharm Chemcial Reagent Co.Ltd and purified by distillation under reduced pressure prior to use. AR grade ammonium persulfate (APS), hydrochloric acid, and commercial grade N-methylpyrrolidone (NMP) were also purchased from Sinopharm Chemcial Reagent Co.Ltd and used as received.
Synthesis of polyaniline
A representative procedure for the polymerization was as follows: 0.02 mol aniline was dissolved in 75 mL 1.0 mol/L HCl solution in a 250 mL glass flask in an ice bath. Ammonium persulfate was dissolved separately in 25 mL 1.0 mol/L HCl to prepare an oxidant solution. The oxidant solution was then dropped into the aniline solution at a rate of one drop for every second at 0 °C. Then, the reaction was carried out at 0 °C in an ice bath without any stirring for 24 h. After the reaction, the hydrochloric acid doped polyaniline was collected by filtration and washed several times with an excess of distilled water until the filtrate became colorless, and finally, dried in vacuum at 60 °C. 2 mL of the crude product was purified by dialysis against deionized water. This sample of polyaniline nanofibers in an aqueous solution were analyzed by SEM and TEM. 50 percent of the HCl doped polyaniline samples were subsequently converted to their bases, free from the HCl dopant, by a treatment of the HCl-doped polymers in 0.2 M NH 4 OH with stirring for 24 h. The mixture was then filtered and washed with 0.2 M NH 4 OH and water. A fine bluish-black powder was left to dry. The yield of the polyaniline nanofibers was calculated based on the dedoped products.
Characterization
FTIR spectra were recorded on a Nicolet FTIR 5700 spectrophotometer in KBr pellets. UV-vis spectra were measured on a Perkin Elmer Instruments Lambda 9 in a range of 200-900 nm. Wide angle X-ray diffraction scans for HCl-doped polyaniline were obtained using a Ultima Ⅲ X-ray model diffractometer (Rigaku, Japan) with Cu K α radiation at a scanning rate of 10 °/min in a reflection mode over a 2θ range from 5° to 40°. Morphological analysis of the polyaniline nanofibers were performed using a scanning electron microscope (SEM, Philips XL30 FEG) at 10 kV and transmission electron microscope (TEM, Hitachi Model H800), respectively. Electrical conductivity of the samples was measured at 25 °C using a four-probe technique.
